Abstract
Introduction

33
The characterisation of groundwater dependent ecosystems (GDEs) is a requirement of the largest in Finland, and it has two regional groundwater mounds (Rossi et al., 2014) . The recharge area approximately 1 m below the water surface and 1 m above the bottom of the lake. If the depth of the 126 lake was less than 2 m, only one sample from the depth of 1 m was taken and if it was more than 20 127 m, samples were taken from the middle of the water profile as well. Depending on their shape and 128 size, the lakes had between 1 and 4 sampling locations. Stream samples were collected by submerging 129 a bottle in water, facing upstream. Piezometers were pumped for at least 10 minutes prior to taking 130 groundwater samples or until the colour of the water was clear. The samples were collected one metre 131 below the water table. All sampling bottles (HDPE) were rinsed with the sampled water prior to 132 filling. Samples for isotope analyses were stored in the dark at a reduced temperature (4 °C ± 2 °C).
133
The isotopic composition of water samples was analysed using CRDS technology with a Picarro The volumes of the lakes were determined in an ArcGIS environment using depth profiling 158 measurements, contour lines and border lines. The water surface levels of the lakes were estimated 159 using elevation levels presented in the basic map (National Land Survey of Finland, 2010a). Lake 160 morphology was mostly interpolated using spline that results in a smooth surface passing by all the 161 input points (ESRI, 2014) . The Tension method with 0.1 weight and 3 input points was used to 162 calculate the values for the interpolated cells. Interpolation rasters were extracted by surface water 163 areas. The mean depths of these new rasters were multiplied by the water surface areas in order to 164 calculate the volumes of the lakes. 
Evaporation from lakes 167
Evaporation (E) was calculated individually for all the lakes surveyed using a mass transfer approach 168 (Rosenberry et al., 2007; Dingman, 2008) . This method was chosen because it yields instantaneous 169 rates of evaporation and takes into account lake sizes (Harbeck, 1962) . Our data enabled the Wind speed measured at 10 m height was adjusted to the corresponding speed at 2 m height using the 187 power law profile (Justus and Mikhail, 1976) :
where vr is the measured wind speed at the reference height zr (10 m), z is the height for which speed
190
is adjusted (2 m) and β is the friction coefficient. The value of 0.15 for β, characteristic for grassland,
191
was employed in our study (0.1 characterizes oceans and lakes) (Bañuelos-Ruedas et al., 2010) 
where V stands for the volume of the surface water body, L signifies its isotopic composition and
210
ITOT, E and OTOT represent the total inflow, evaporation and total outflow of water from the system, 211 respectively, whereas IT, E and OT stand for their respective isotopic compositions, expressed in 212 ‰. As the total inflow may consist of several components (precipitation, underground and surface 213 inflows), each with its specific isotopic composition, IT should be calculated as a flux-weighted mean
214
of the respective isotopic compositions of individual components. The total outflow may also consist of surface and underground components. For well-mixed systems it is typically assumed that OT =
216
L.
217
The isotopic composition of the evaporation flux, E, cannot be measured directly. However, it can 218 be calculated using the expression derived from the linear resistance model describing isotope effects 219 accompanying evaporation process (Craig and Gordon, 1965; Horita et al., 2008) :
where  is the total effective isotope fractionation,  = *+ , where * stands for equilibrium isotope 222 enrichment (* = (1-1/LV)10 humidity of the local atmosphere, normalized to the temperature of evaporating water.
227
When the evaporating water body is in hydrologic and isotopic steady-state (dV/dt=0 and dL/dt=0, 228 respectively), the following approximate expression describing the isotope enrichment of the 229 evaporating water body can be derived from eqs. 3-5 (see e.g. Gat and Bowser, 1991) :
where  stands for the evaporative enrichment and LS is the steady-state isotopic composition of 232 the studied system. The following expression describing the ratio of the total inflow to the evaporation 233 rate can be derived from eq. (6):
235
If the evaporation flux E can be assessed independently, as is the case of this study, the total inflow 236 of water to the given lake can be calculated from eq. (7). From this, the groundwater component of 237 this inflow can be further inferred, provided that the other components of this inflow are known or 238 can be independently assessed.
239
To quantify the water balance of a lake with the aid of eq. (7) resulting from exploitation of gravel deposits (Zimmerman, 1979) . The time constant characterizing 262 the dynamics of this process is mainly controlled by the mean turnover time of water in this system, 263 defined as the ratio of its volume to the total inflow, its hydrological balance (ITOT/E ratio) and the 264 normalized relative humidity (e.g. Gonfiantini, 1986; Zimmerman, 1979 
274
The seasonal temperature patterns of the monitored lakes were very similar, despite significant 275 differences in lake size (Fig. 3) well as the isotopic compositions of 67 lakes surveyed in July and August 2013 (Table 2) . Furthermore, some of the winter precipitation is most probably returned to the atmosphere via 299 sublimation and does not contribute to groundwater recharge.
300
Although majority of groundwater samples cluster near the LMWL-LEL intersect, there are some 301 data points lying along the LEL in the δ 18 O-δ 2 H plot indicating the contribution of (evaporated) lake 302 water to groundwater. However, the interconnection between the lakes via groundwater is likely to be minor since lakes probably have groundwater changes of the isotopic composition of the total inflow to each lake caused by the presence of 310 evaporated lake water component.
311
The influence of evaporated lake water seeping to groundwater is illustrated in 
322
The difference in isotopic compositions between points 2 and 3 was greatest during the winter: in
323
March 2011 the difference in δ 18 O and δ 2 H between these points was -1.1 ‰ and -4 ‰ respectively.
325
Temporal variations in the isotopic composition of lake water
326
The seasonal variability in the isotopic composition of the lakes studied is illustrated in Fig. 6 ,
327
showing changes of 
18
O in lake Ahveroinen 1 at two depths (1 and 4 meters).  18 O of lake
328
Ahveroinen 1 reveals distinct seasonal fluctuations with peak-to-peak amplitude in the order of 1 ‰.
329
This lake does not have any surface inflows or outflows. After the disappearance of ice cover during 330 the spring (April-May), the lake starts to evaporate, which results in its gradual enrichment in heavy 331 isotopes, approaching the steady-state value sometime in September-October. Freezing of the lake in 332 late autumn stops the evaporation flux. Systematic decline of  18 O during ice-cover period seen in shows that the lake is well mixed throughout the year.
335
The declining parts of the  18 O curve in Fig. 6 can be used to assess the intensity of groundwater 336 inflow during ice-cover period, if the volume of the studied lake is known and the isotopic 337 composition of groundwater is constant. The isotope balance of such lake system (eq. 4) can be then 338 expressed as follows:
Since ITOT = IGW, IT = GW, OTOT = OGW = IGW and OT = L, eq. (9) becomes:
342
The solution of this differential equation reads as follows:
where k = IGW/V and Lo is the isotopic composition of the lake at the beginning of ice-cover period
345
( 18 OLo = -8.5 ‰ for lake Ahveroinen 1). First derivative of eq. (11) at t = 0 is:
347 Equation (12) allows to calculate the mean flux of groundwater to the lake during ice-cover period.
348
The observed reduction of  18 O of lake Ahveroinen 1 by ca. 1.2 ‰ over the six-month period (cf. balance, which in turn can be characterised by the total inflow-to-evaporation ratio.
367 Equation (7) was used to calculate the total inflow-to-evaporation ratios (ITOT/E) for all studied lakes.
368
The isotope mass balance calculations were run for the period of June-August 2013 separately for 369 18 O and 2 H. Since the evaporation rates from the studied lakes were derived from eq. (1),
370
independently of any mass balance considerations, the total inflow to each lake could also be 371 calculated from the assessed ITOT/E ratios.
372
The values of the parameters occurring in eq. (7) were derived as follows: Vogt, 1976) and are widely used in lake studies.
387
(iv) Isotopic homogeneity of the studied lakes was addressed through multiple samplings of large 388 lakes (in both horizontal and vertical direction -cf. section 3.1). of the water (see section 4.5).
399
(vi) As the isotopic compositions of the surface and underground components of water inflow to each 400 studied lake were not measured directly, an iterative approach was adopted to calculate IT
401
individually for each lake. In the first step it was assumed that IT is defined by the intercept of the The calculated inflow-to-evaporation ratios of the studied lakes based on 18 O isotope mass balance 419 are shown in Fig. 7 as a function of isotope enrichment of lake water with respect to the isotopic 420 composition of the total inflow to the given lake. mean in the order of ten months (Table 2) . Lake Saarijärvi 2 is the deepest of all the lakes surveyed.
429
As expected, the calculated MTT values correlate well with the mean depth of the studied lakes,
430
expressed as the volume-to-surface area ratio. However, the link between MTT and the ITOT/E ratio 431 is much weaker; lakes with higher ITOT/E ratios tend to have shorter mean turnover times.
432
The dependence of the studied lakes on groundwater can be quantified through an index (G index)
433
defined as the percentage contribution of groundwater inflow to the total inflow of water to the given 434 lake. Groundwater inflow was derived by subtracting the precipitation and surface water inflow (if 435 exists) from the total inflow. Such an evaluation was undertaken for all the lakes listed in Table 2 .
436
Note that for the group of lakes with identified surface inflow from an upstream lake it was assumed 437 arbitrarily that this surface inflow is 25 % of the total outflow from the upstream lake (discharges of 
Uncertainty assessment
469
The above methodology for quantifying elements of water balance in the lakes studied introduces Table 3 .
476
The uncertainty with regard to lake water temperature was probed assuming the temperature change 12 % when the temperature increases by the same amount. The G index reveals lower sensitivity (2.9 and 3.6 %, respectively). The smallest changes were obtained for ITOT/E ratios (0.9 and 0.7 %, 483 respectively).
484
The changes of relative humidity of the atmosphere normalised to the temperature of the lake surface
485
have an impact on the evaporation flux, control the ITOT/E ratios through eq. (7) and determine the 486 actual value of kinetic isotope enrichment . It was assumed in the calculations that normalized 487 relative humidity changes by  2 %. As seen in Table 3 , the resulting changes of the derived quantities 488 are moderate, the mean turnover time being the most sensitive parameter.
489
It is apparent from Table 3 that among isotope parameters occurring in eq. (7), the isotopic (Table 3 ).
501 Figure 9 shows the percentage changes of ITOT/E ratios calculated for all studied lakes using eq. (7) system, which are difficult to quantify using conventional methods.
525
The specific behaviour of lakes located in sub-polar regions, with their seasonal ice cover extending 526 over several months, offers another opportunity for quantifying groundwater seepage during ice- variability of groundwater seepage to lakes located in sub-polar and polar regions can be obtained.
533
The G index characterizing groundwater dependency of a lake proposed in this study, and defined as 534 a percentage contribution of groundwater inflow to the total inflow of water to the given lake, appears 535 to be a straightforward, quantitative measure of this dependency. The studied Rokua lakes appear to 536 be strongly dependent on groundwater; more than 40 % of water received by these lakes comes as 537 groundwater inflow. The quantitative evaluation of groundwater dependency of lakes via the G index 538 proposed in this study may assist lake restoration policies in areas where groundwater is a source of 539 nutrients to the studied lakes.
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(b) -Lakes with identified surface inflow from an upstream lake.
708
(c) -Since the upstream lake for lake Nimisjärvi was not sampled, the mean isotopic composition of total inflows to lakes with identified surface water 709 inflows was used for isotope mass balance calculations of this particular lake. 
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